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ABSTRACT: Electrochemical capacitors, commonly known as supercapacitors, are important energy storage devices with high
power capabilities and long cycle lives. Here we report the development and application of in situ nuclear magnetic resonance
(NMR) methodologies to study changes at the electrode−electrolyte interface in working devices as they charge and discharge.
For a supercapacitor comprising activated carbon electrodes and an organic electrolyte, NMR experiments carried out at different
charge states allow quantification of the number of charge storing species and show that there are at least two distinct charge
storage regimes. At cell voltages below 0.75 V, electrolyte anions are increasingly desorbed from the carbon micropores at the
negative electrode, while at the positive electrode there is little change in the number of anions that are adsorbed as the voltage is
increased. However, above a cell voltage of 0.75 V, dramatic increases in the amount of adsorbed anions in the positive electrode
are observed while anions continue to be desorbed at the negative electrode. NMR experiments with simultaneous cyclic
voltammetry show that supercapacitor charging causes marked changes to the local environments of charge storing species, with
periodic changes of their chemical shift observed. NMR calculations on a model carbon fragment show that the addition and
removal of electrons from a delocalized system should lead to considerable increases in the nucleus-independent chemical shift of
nearby species, in agreement with our experimental observations.
1. INTRODUCTION
The development of efficient energy storage devices is essential
to meet the growing demand for portable electronic devices
and emerging green transportation technologies. While lithium
ion batteries have met a large proportion of our needs over the
past 20 years, electrochemical capacitors, also known as
supercapacitors, are receiving renewed interest as an alternative
and complementary technology.1 The storage of electrical
energy in carbon-based supercapacitors relies on the formation
of an electric double-layer at the interface between a solid
electrode and a liquid electrolyte solution. This non-faradaic
charge storage mechanism allows rapid rates of charge and
discharge and essentially unlimited cycle lives, making super-
capacitors well-suited to high power applications.2,3
Supercapacitors typically use organic electrolytes, such as
tetraethylammonium tetrafluoroborate (NEt4BF4) in acetoni-
trile.1 Aqueous electrolytes are also sometimes used because
they are less toxic and inexpensive; however, the decomposition
of water at voltages above 1.2 V limits the amount of energy
that can be stored. Supercapacitor electrodes are generally
constructed using porous carbon owing to its high surface area
and conductivity.4 In particular, activated carbons derived from
organic precursors such as coconut shells and wood have been
widely used in commercial devices owing to their high surface
area and conductivity, and low cost. Although predominantly
microporous (with pore sizes less than 2 nm), these materials
also exhibit a range of pore diameters in the mesoporous (2−50
nm diameter) and macroporous (greater than 50 nm diameter)
regimes. The importance of pore size effects was highlighted by
Chmiola et al., who reported that the capacitance of carbon
derived from titanium carbide dramatically increased when the
average size of carbon micropores was less than the size of the
solvated electrolyte ions (typically less than 1.5 nm).5 This
finding could not be explained with traditional concepts of
double-layer formation and has triggered considerable efforts
toward understanding the nature of ion electrosorption inside
the porous carbon. It was hypothesized that ion desolvation
allowed a closer approach of charge centers at the electrode−
electrolyte interface.6 Distortions of cyclic voltammograms in
cavity microelectrode studies confirmed that electrolyte ions are
at least partially desolvated as they enter the carbon micropores
upon charging.7 However, many questions relating to this
phenomenon and the fundamental mechanism of super-
capacitance in general remain unanswered.
A deeper understanding of the processes that take place
within supercapacitors upon charging and discharging will
enable further development and optimization of these
important devices. To this end, a number of experimental
methods have been employed to further investigate the
behavior of ions in micropores.8 In situ electrochemical quartz
crystal microbalance (EQCM) methodologies have been used
to study the gravimetric response of porous carbon electrodes
in a range of electrolyte systems under dynamic charging
conditions. Deviations from theoretical mass changes have been
interpreted in terms of distinct charging regimes that are
characterized by the compositional differences in the ionic part
of the electric double layer.9−12 Small-angle neutron scattering
measurements have been used to observe changes in the
concentration of electrolyte ions in micropores as a function of
applied potential,13 while neutron diffraction has been
employed to quantify the diffusion of ions within mesoporous
carbons in different charge states.14 Recently, an in situ infrared
spectroscopy method has been developed to study super-
capacitor systems.15 Decreases in electrolyte ion absorbances
were interpreted as arising from a net movement of positive
and negative ion pairs into carbon micropores upon charging.15
In addition to experimental work, a large number of theoretical
studies have given insight into charging phenomena in
supercapacitors. In particular, molecular dynamics simula-
tions16−22 have shown the importance of overscreening effects
at planar electrode−electrolyte interfaces, whereby the first
layer of adsorbed species encompasses more charge than the
electrode surface itself, with subsequent layers of electrolyte
ions balancing the overall charge at the interface. It has been
suggested that the absence of such effects in microporous
electrodes allows high capacitances to develop.23 Further work
based on mean field theory models has proposed that image
forces arising from charged micropore surfaces facilitate the
packing of ions of the same polarity during charging,
accounting for the large increases in capacitance experimentally
measured for carbons with micropores smaller than the
solvated electrolyte ions.24−26
While experimental and theoretical work has advanced the
understanding of charge storage in porous carbons, further
development is required to directly observe and quantify
changes of ion environments in supercapacitor electrodes.
Nuclear magnetic resonance (NMR) spectroscopy is a powerful
technique for studying electrochemical interfaces, as the
observed resonance frequency is sensitive to the local chemical
environment. This approach is also element selective, allowing
the separate observation of different chemical species in
electrochemical systems. The potential of NMR to study
adsorption of molecules on carbon was recognized in early
work by Harris et al. where distinct resonances were observed
for adsorbed and non-adsorbed species within activated
carbons.27−30 More recent work on adsorption on a variety
of different carbon morphologies has revealed similar
trends.31−39 Regardless of the molecule or nuclear spin studied,
resonances from species adsorbed on a given carbon show
similar shifts to low frequencies, relative to the nonadsorbed
species. This suggests that the observed shift is a nucleus-
independent chemical shift (NICS), arising from aromatic ring
current effects associated with delocalized π electrons in the
carbon. In addition to experimental NMR methods for probing
this phenomenon, computational approaches have been
developed to calculate NICSs arising from delocalized
systems.40,41 Such calculations have been applied to a range
of carbon systems including coronenes,42 fullerenes,43,44
nanotubes,45−47 and graphene.47
In addition to studies of adsorption within porous carbons
with no applied potential, NMR can also be used to study the
charging and discharging mechanisms of supercapacitors.
Indeed, NMR uniquely allows the direct observation of the
charge storing species (adsorbed species). Ex situ NMR48−50
involves holding a supercapacitor at a particular voltage,
disassembling it, and then acquiring the NMR spectrum of
the electrolyte species that remain inside the electrode film.
With this approach, magic angle spinning (MAS) can be used
to improve resolution and identify subtle changes in ion
environments.50 However, the rapid evaporation of acetonitrile
during disassembly can result in the solidification of electrolyte
salt. Desorption of ions (or self-discharge) during disassembly
may also make it difficult to know exactly how much charge is
stored when an NMR spectrum is acquired.
In situ NMR experiments51−55 can address some of the
issues associated with ex situ approaches, since spectra of the
working device are acquired directly. Such experiments offer
direct insight into the behavior of working devices but come
with some resolution losses due to the incompatibility with
MAS techniques. Our previous in situ NMR study demon-
strated the utility of NMR for the study of supercapacitors
during charging (and discharging), and systematic changes were
observed in the spectra.32 11B NMR experiments were used to
probe the behavior of BF4 anions at different applied cell
potentials. It was shown that the adsorption processes
occurring at each electrode could be studied separately by
introducing a prototype long supercapacitor design. Changes in
populations and resonance frequencies were observed for
adsorbed BF4 anions upon cell charging. However, the
electrochemical properties of the long supercapacitor cell
were not fully explored, and while clear changes in both the
local environments and populations of the adsorbed anions
were observed, the link between these and the supercapacitor
charging mechanism was not studied in detail.
In this work, in situ NMR is further developed to study
supercapacitors comprising activated carbon electrodes and a
NEt4BF4 in acetonitrile electrolyte. We first address some of the
practical aspects associated with in situ NMR of super-
capacitors, using 19F NMR in this study because of the high
sensitivity of this nucleus. We then show how this methodology
can provide insight into the charge storage mechanism of
supercapacitors by directly tracking changes in the amount of
charge storing species as a function of applied voltage and
identifying different charge storage regimes in a high surface
area, coconut-derived activated carbon. Supercapacitor charging
is also shown to have a marked effect on the local magnetic
environment experienced by adsorbed species. Real-time NMR
experiments with simultaneous cyclic voltammetry show a
systematic variation of the observed resonance frequency of
adsorbed species, which is directly correlated with the
development of charge on the electrodes. This is supported
by NICS calculations on a model graphene fragment that show
that the addition or removal of electrons from carbon systems
has significant effects on the resonance frequencies of adsorbed
species.
2. EXPERIMENTAL SECTION
2.1. Materials. In this work all carbon electrodes were prepared
from YP50F carbon (Kuraray Chemical, Japan). Film electrodes were
prepared in the standard way56 by mixing carbon powder (95 wt %)
with polytetrafluoroethylene (5 wt %) (Sigma Aldrich, 60 wt %
dispersion in water). Prior to sample preparation, carbon film pieces
(6.0 mg, approximate dimensions of 10 mm × 4 mm × 0.25 mm) were
dried under vacuum at 200 °C overnight and then transferred to an
argon glovebox. In initial electrochemical tests of different cell designs,
the electrolyte used was a 1.5 M solution of tetraethylammonium
tetrafluoroborate (NEt4BF4, Sigma Aldrich, electrochemical grade
>99.0%) in acetonitrile (Sigma Aldrich, 99.8% anhydrous). This
electrolyte is referred to as NEt4BF4/ACN. The same electrolyte was
used for NMR experiments except that the solvent was replaced by
deuterated acetonitrile, D3CCN (Euriso-top, 99.96%). We refer to this
electrolyte as NEt4BF4/dACN.
2.2. Sample Preparation. All sample preparation was carried out
in an argon glovebox. Model electrodes were prepared for preliminary
experiments by hermetically sealing a carbon film piece (6.0 mg) inside
a plastic bag (3M packaging film) with the chosen volume of
NEt4BF4/dACN electrolyte, which was added using a microsyringe. All
supercapacitors in this study employed plastic bag cell designs,
modified from Bellcore’s plastic lithium ion battery technology.53 Two
pieces of carbon film (6.0 mg) were adhered to carbon-coated
aluminum mesh, and a Cellgard 2500 (monolayer polypropylene, 25
μm thickness) separator was placed between them. These components
were placed inside a plastic bag (3M packaging film), which was
hermetically sealed on three sides. The cell was then saturated with
electrolyte before making the final seal to close the bag. For NMR
measurements, the supercapacitor bag cells were held between two
plastic inserts in order to provide rigidity and allow better control over
the cell orientation inside the NMR coil.
2.3. Electrochemical Tests. All cells were tested on a Bio-logic
cycler or an Arbin Instruments battery cycler with a two-electrode
configuration. Cyclic voltammetry (CV) was used both to test the
performance of different cells and to run real-time in situ NMR
experiments. Fixed voltage in situ NMR experiments were performed
using chronoamperometry (CA) experiments. A fixed cell voltage is
applied and a current flows around the external circuit until
equilibrium is achieved before NMR acquisition.
2.4. NMR Details. All NMR experiments were performed using a
Bruker Avance spectrometer operating at a magnetic field strength of
7.05 T, corresponding to a 19F Larmor frequency of 284.2 MHz with a
Bruker HX double resonance static probe using a 6.8 mm inner
diameter solenoid coil. 19F NMR spectra were referenced relative to
neat hexafluorobenzene (C6F6) at −164.9 ppm. The “depth” pulse
sequence57 was used to acquire all 19F NMR spectra in order to reduce
the background signal from the PTFE probe-head housing. The total
delay between excitation of transverse magnetization and acquisition of
the free induction decay was 60 μs in all cases. Spectral fitting was
carried out using dmfit software.58 The minimum number of
components required to obtain a satisfactory fit was found to be
four for each electrode. For the positive electrode, deconvolutions
were carried out assuming the free electrolyte feature to be made up of
three purely Lorentzian components and assuming the strongly
adsorbed feature to be made up of a single purely Gaussian
component. For the negative electrode, much better fits were obtained
assuming two Lorentzians and one Gaussian component for the free
electrolyte and assuming a Gaussian line shape for the strongly
adsorbed resonance. That more than one resonance is required to
model the free electrolyte is ascribed to bulk magnetic susceptibility
(BMS) effects and strong variations in local magnetic fields across the
bag cell, which results in a range of different local fields and thus shifts
for the same chemical species (see Supporting Information, Figure
S3). For the spectra of the negative electrode, the shift of the strongly
adsorbed resonance was first obtained by fitting spectra recorded with
a short recycle interval (0.5 s) which favors observation of the strongly
adsorbed resonance due to faster spin−lattice, T1, relaxation. The
shifts obtained were then fixed in the fits of the quantitative spectra
recorded with the longer recycle interval of 30 s. For each electrode,
the spectrum obtained at 0 V was fitted first, as this showed the best
resolution of the strongly adsorbed resonance. The peak positions and
intensities obtained were then used as a starting point to fit the
spectrum at the next highest voltage. For the positive and negative
electrodes, spectra recorded above 1.5 and 1.25 V, respectively, were
not fitted, as unique fits could not be obtained owing to the almost
complete overlap of the strongly adsorbed and free electrolyte features.
Deconvoluted spectra are shown in Supporting Information, Figure
S1.
2.5. In Situ NMR Experiments. Prior to performing NMR
experiments, the cell was cycled between 0 and 2.3 V five times by
cyclic voltammetry at a sweep rate of 0.5 mV·s−1. The positively
charged electrode was first positioned inside the coil for detection, and
the cell was charged sequentially to a series of different voltages (0,
0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2 V). The cell was held at each
voltage for 40 min to ensure that an equilibrium charge state was
attained before 19F NMR spectra were acquired. After the positively
charged electrode was studied, the cell was shifted to position the
negatively charged electrode inside the NMR coil for detection. The
cell was then charged to the same series of voltages, and 19F NMR
spectra were collected at each voltage after waiting for 40 min. For
fixed voltage experiments, a recycle interval of 30 s was sufficient for
spectra to be quantitative. 19F NMR spectra were also collected while
simultaneous cyclic voltammetry (CV) was performed on the cell.
Unless otherwise stated, 94 NMR spectra were obtained per full CV
cycle (0 V → 2.3 V → 0 V) with a recycle interval of 3 s. While this
does not yield fully quantitative spectra, it reduces the time required to
obtain each spectrum, enabling more spectra to be acquired during the
CV cycle.
2.6. Calculations. All geometry optimizations and NMR
calculations were performed using Gaussian 03 software.59 First,
geometries were optimized at the B3LYP level of theory with the 6-
31G(d) basis set, as in other work.42 Then an NMR calculation was
performed at the same level of theory and with the same basis set to
evaluate the chemical shielding tensors for each atom, as well as for
several “ghost” atoms introduced around the structure. These ghost
atoms have no electrons or nuclear charge and simply serve to act as
probes of the local effective magnetic field at their position. The
calculations generate the isotropic chemical shielding, σiso. The
isotropic nucleus-independent chemical shift, δiso
NICS, is given by
−(σiso − σref), where σref is a reference shielding which has a value of 0
ppm in this case.
3. RESULTS AND DISCUSSION
3.1. Cell Design for NMR Studies. Here, we considered
three different supercapacitor cell designs in order to compare
their electrochemical performances. The “conventional” design
(Figure 1a) represents a typical supercapacitor, with the two
electrodes situated directly on top of each other. With this
design, both electrodes must be placed inside the NMR coil
during in situ NMR experiments, making it difficult to separate
processes occurring at each electrode.32 In the “long” cell
design (Figure 1b) the electrodes are shifted laterally with
respect to each other so that a single electrode can be placed in
the NMR detection region. In our previous work, this allowed
the anion environments to be tracked separately in the positive
and negative electrodes, although long times were needed to
charge and discharge the device because of the significant
ohmic losses associated with this design.32 The “overlaid” cell
design introduced here (Figure 1c) also allows a single
electrode to be placed in the NMR detection region, but the
current collector of the opposite electrode is situated closer to
the electrode under study.
Cyclic voltammograms for conventional, long, and overlaid
supercapacitors, each cycled at 0.5 mV·s−1 between 0 and 2.3 V,
are shown in parts d, e, and f of Figure 1, respectively. Each cell
comprised two YP50F film electrodes (6.0 mg each) and was
saturated with NEt4BF4/ACN electrolyte (∼30 μL for the
conventional design and ∼50 μL for the long and overlaid
designs). A rectangular cyclic voltammogram is expected for an
ideal capacitor, with positive currents flowing in the charge part
of the cycle and negative currents flowing in the discharge part
of the cycle. Distortion from the rectangular shape arises
because of the contribution of resistive components associated
with ionic diffusion, as well as the contact between the current
collector (carbon coated aluminum mesh in our design) and
the carbon electrode. A characteristic near-rectangular shape is
observed for the conventional supercapacitor (Figure 1d),
whereas the long cell design displays far from ideal behavior
(Figure 1e), and a plateau indicative of pure capacitive behavior
is not observed. However, a considerable improvement is
achieved by switching to the overlaid design, where the
observed cyclic voltammogram is much closer to the ideal case
(Figure 1f). We also note that the estimated capacitance of
YP50F (calculated from the discharge current at 1 V) is 99 F·
g−1, which is in good agreement with the literature value of 95
F·g−1.60 Faster scan rates were also studied for the long and
overlaid cells, but poorer electrochemical performance was
observed (see Figure S2 in Supporting Information).
Importantly, the overlaid design introduced here allows a
single electrode to be placed inside the NMR detection region
while maintaining good electrochemical performance. There-
fore, the overlaid design was used for all in situ NMR
experiments that follow in this work, and a sweep rate of 0.5
mV·s−1 was used for cyclic voltammetry experiments.
3.2. Effect of Supercapacitor Components on the
NMR Spectrum. In this work we focus on 19F NMR to study
the BF4
− electrolyte anion environments. While 1H NMR is an
attractive option to study the environments of the NEt4
+
cations, the large number of plastic components used in the
bag cell assembly results in a broad and intense background 1H
signal that precludes the observation of the relatively low
intensity electrolyte resonances. Before carrying out in situ 19F
NMR measurements on working supercapacitor cells at
different applied potential differences, the form of the spectrum
observed for an overlaid supercapacitor was investigated by
comparison with model carbon film electrodes soaked with
electrolyte. Figure 2a shows the static 19F NMR spectrum
obtained for a piece of YP50F carbon film (6.0 mg) soaked with
8 μL of NEt4BF4/dACN electrolyte, sealed inside a plastic bag.
This carbon film piece represents a model electrode, with no
applied potential difference. As in our previous studies, two
main environments are observed.31,32 The feature at −158.0
ppm is assigned to the electrolyte anions strongly adsorbed on
carbon surfaces inside micropores. The feature at −152.4 ppm
is assigned to weakly adsorbed anions, situated further from
carbon surfaces and occupying spaces in large carbon pores and
spaces between primary carbon particles in the carbon film. The
−5.6 ppm shift of the strongly adsorbed relative to the weakly
adsorbed feature is attributed to ring current effects arising
from the delocalized electrons in the carbon. On increasing the
amount of electrolyte in the sample to 15 μL (Figure 2b), the
intensity of the weakly adsorbed resonance is increased. A small
additional feature is also observed at higher frequency due to
the presence of free electrolyte external to the carbon film
piece.
Figure 1. Supercapacitor cell designs (a−c) and their cyclic voltammograms at 0.5 mV·s−1 (d−f). In each case the cyclic voltammogram of the fourth
cycle is shown.
Figure 2c shows the NMR spectrum for an overlaid
supercapacitor cell held at a cell voltage of 0 V. Here a single
electrode is placed inside the NMR detection region. Again the
strongly adsorbed electrolyte anions can be observed, appearing
at −156.2 ppm. In addition, several more intense features
corresponding to the weakly adsorbed anions and anions in free
electrolyte external to the carbon electrode are observed at
higher frequencies. This is due to the larger amount of
electrolyte used in the supercapacitor cell to ensure good
electrochemical performance. We note that the free electrolyte
signal appears to comprise at least three superimposed
components. Bag cell samples containing just free electrolyte
(and current collector and free electrolyte) gave similar spectral
features (see Supporting Information Figure S3). We attribute
this to bulk magnetic susceptibility (BMS) effects owing to the
irregular shape of the sample contained within plastic bag cells.
Indeed, NMR spectra of isotropic substances contained within
nonspherical samples have been shown to be complex,
especially for flat orientated samples.61,62 It is also noted that
all the features in this spectrum are shifted to higher frequency
by approximately 2 ppm relative to their counterparts in
Figures 2a and 2b. Previous studies have shown that anisotropic
BMS effects can be significant when studying flat electrode
assemblies by NMR.31,52,63 For the spectra shown in Figure 2,
care was taken to ensure all samples were oriented vertically
inside the NMR coil; however, the geometry and dimensions of
the overlaid supercapacitor cell are intrinsically different to the
soaked carbon film samples, and therefore, it is likely that the
observed ∼2 ppm difference in chemical shift arises from BMS
effects relating to the anisotropic shape of the sample and from
the presence of a second current collector in the NMR coil.
Importantly, despite the intense feature arising from the large
amount of free electrolyte in the plastic bag cell, the spectra
show that the strongly adsorbed ions are clearly evident in the
NMR spectrum of an overlaid supercapacitor at zero potential
and can be observed separately from the weakly adsorbed and
free electrolyte features. Thus, with this design, changes in the
anion environments may be tracked as a function of applied
potential.
3.3. In Situ 19F NMR Spectroscopy at Fixed Voltages.
To investigate changes to the BF4 anion environments as a
function of applied potential, 19F NMR spectra of a single
supercapacitor electrode were acquired while the cell was held
at different voltages. Previous studies have indicated that small
irreversible changes attributed to ion trapping or surface
reactions can take place in supercapacitors during the first few
charging cycles.64 For this reason, the supercapacitor cell was
cycled 5 times by cyclic voltammetry prior to being studied by
NMR. First the positive electrode (and the surrounding
electrolyte) was studied, with spectra shown in Figure 3a. At
0 V, the strongly adsorbed feature is observed at −156.5 ppm
and the intense free electrolyte signal is observed between
−148 and −150 ppm. As the voltage is increased from 0 to 2 V,
the strongly adsorbed feature shows gradual increases in
resonance frequency (the peak shifts toward the left-hand side
of the spectrum), shown more clearly in the inset in Figure 3a.
This feature also appears to show small but significant increases
in intensity as the cell voltage is increased. The weakly adsorbed
and free electrolyte features do not display significant changes
in resonance frequency upon charging. After the positive
electrode was studied, the supercapacitor cell was shifted so
that the negatively charged electrode was situated in the NMR
detection region, and the 19F NMR spectra at various applied
cell voltages are shown in Figure 3b. This was done to maintain
the same polarity of the device and reduce any possible ion
trapping effects.64 At 0 V, a spectrum similar to that in Figure
3a is observed, with the strongly adsorbed feature visible at
−154.9 ppm. We note that this feature is approximately 1.5
ppm higher in frequency than was observed for the positive
electrode at 0 V. This suggests that cycling of the cell prior to
acquisition of the NMR spectra results in small differences in
the equilibrium states for the two electrodes. BMS effects are
also expected to result in small shift differences, since different
electrodes (with slightly different sizes and orientations relative
to the applied magnetic field) are investigated. As the voltage is
increased from 0 to 2 V, the strongly adsorbed feature again
shifts to higher frequency, as was observed in the positive
electrode (Figure 3a). However, here changes in the intensity
of the strongly adsorbed feature appear to be less pronounced
as the feature moves to higher frequency.
To aid with the interpretation of the results shown in Figure
3, spectra were deconvoluted to quantify the position and
intensity of the strongly adsorbed resonance at each voltage.
Details of the deconvolution procedure are given in the
Experimental Section and Supporting Information. Deconvo-
lutions were not performed for spectra acquired above 1.5 V
(positive electrode) and 1.25 V (negative electrode), as the
overlap between the strongly and weakly adsorbed features
precluded accurate fitting. Figure 4a and Figure 4b show the
Figure 2. 19F NMR spectrum obtained for pieces of carbon film
soaked with (a) 8 μL and (b) 15 μL of NEt4BF4/dACN electrolyte.
(c) Spectrum obtained for an overlaid supercapacitor held at a cell
voltage of 0 V. The films were orientated vertically inside the NMR
coil to enhance resolution of spectral features.31 All spectra are shown
on the same scale.
fitted intensity of the strongly adsorbed resonance for the
positive and negative electrodes, which in each case are
normalized to the intensity measured for each electrode at 0 V.
For the positive electrode, at cell potentials between 0 and 0.75
V, the intensity of the adsorbed resonance does not change
significantly. However, between 0.75 and 1.5 V a relatively
sharp increase in intensity is observed. For the negative
electrode, the intensity of the adsorbed resonance is found to
decrease steadily over the voltage range studied. We note that
the exact changes in intensity depend upon the fitting
procedure used for the deconvolutions, which is not
straightforward owing to the complexity of the spectra.
However, deconvolutions performed using a different fitting
procedure (see Supporting Information Figures S4 and S5) also
show similar trends whereby a pronounced increase in the
intensity of the adsorbed resonance is observed for the positive
electrode at potentials higher than 0.75 V, and an
approximately constant decrease in the intensity of the
adsorbed resonance is observed for the negative electrode
over the voltage range studied. The deconvoluted integrated
intensities of the weakly adsorbed and free electrolyte features
were not found to change significantly in either electrode over
the voltage range studied (as shown in Supporting Information
Figure S6). However, interpretation of the intensities of these
features is not straightforward, since only part of the cell is
situated inside the NMR detection region. This makes it
difficult to distinguish intensity changes resulting from
rearrangement of ions within the electrodes and changes
resulting from diffusion of ions in and out of the NMR
detection region.
From integration of the current relaxation, the total charge
stored in the supercapacitor was found to increase approx-
imately linearly with applied voltage (see Supporting
Information Figure S7). The quantification of strongly
adsorbed BF4 anions in the positive and negative electrodes
therefore offers insight into the fundamental mechanism
underlying the charging process in this system. For the positive
electrode, two distinct charging regimes can be identified. At
voltages lower than 0.75 V, the almost constant intensity of the
strongly adsorbed feature indicates that the charge storage
process does not involve significant changes in the number of
adsorbed anions. This suggests that the mechanism of charge
storage in this low-voltage regime is dominated by short-scale
ion rearrangement and/or the ejection of NEt4 cations from the
micropores. Indeed, recent molecular dynamics simulations
have shown that local rearrangements of ions within porous
carbon play an important role in supercapacitor charging.65 At
voltages higher than 0.75 V, the abrupt increase in intensity of
the strongly adsorbed feature shows that BF4
− anions are
adsorbed into the micropores and that this plays a more
significant role in charge storage in this regime. For the negative
electrode, the intensity of the strongly adsorbed feature
decreases approximately linearly over the range studied. In
principle, the loss of BF4 anions from the micropores should
leave an excess of cations within the micropores to counteract
the negative charge developed in the electrode. These results
are in qualitative agreement with conclusions drawn from
EQCM measurements on a similar porous carbon with a
NEt4BF4/propylene carbonate electrolyte.
10 For this system,
mass changes that are lower than expected on the basis of
Faraday’s law were observed at low charge densities and were
explained in terms of anion−cation mixing within the
micropores. At intermediate charge densities, mass changes
close to the theoretical value were observed, indicating that the
adsorption of counterions dominates the charge storage
process. Our observation of an apparent “threshold” voltage
of 0.75 V, whereby an abrupt increase in the strongly adsorbed
resonance intensity is observed, may be related to the different
charging regimes identified by the EQCM approach.
Figure 4c shows how the chemical shift of the strongly
adsorbed resonance varies in the positively charged electrode as
the cell voltage is increased. Clear increases in chemical shift are
observed for the strongly adsorbed anions as the voltage is
increased. While only small increases are observed between 0
and 0.5 V, at higher voltages an approximately linear trend is
seen. As the cell voltage is increased from 0 to 1.5 V, a total
increase in chemical shift of 3.9 ppm is measured. At voltages
above 1.5 V, the strongly adsorbed peak appears to shift to
higher frequencies still (Figure 3a), although this precludes
reliable fitting of the spectra because of increased overlap of
spectral features. In Figure 4d the chemical shift of the strongly
adsorbed resonance for the negatively charged electrode is
Figure 3. (a) 19F NMR spectra of the positively charged electrode of
an overlaid cell at voltages between 0 and 2 V. (b) 19F NMR spectra of
the negatively charged electrode of the same cell at voltages between 0
and 2 V. Insets show enlarged sections of the spectra to illustrate
changes of the strongly adsorbed feature.
shown as a function of applied cell voltage. Again, clear
increases in chemical shift are observed. Here, the chemical
shift appears to vary in a linear fashion as the cell voltage is
increased. As the voltage is increased from 0 to 1.25 V, the
chemical shift increases from −155.3 to −152.4 ppm,
representing a total increase of 2.9 ppm. This change is very
similar to the overall change in resonance frequency of 3.0 ppm
for the strongly adsorbed resonance in the positive electrode
over the same voltage range. However, the change in resonance
frequency for the negative electrode appears to be approx-
imately linear over the range studied, whereas the positive
electrode displays a nonlinear change in resonance frequency at
low voltages.
In both the positive and negative electrodes, clear increases
in the chemical shift of the resonances corresponding to
strongly adsorbed BF4 anions are observed as the super-
capacitor is charged. This shows that the local environment of
the anions changes during supercapacitor charging. We
previously reported similar observations in a 11B in situ NMR
study of a highly analogous supercapacitor system.32 When the
BF4 anion was probed,
11B in situ NMR experiments revealed
increases in the chemical shift of adsorbed species in both
electrodes as the supercapacitor was charged. Furthermore,
recent 11B and 13C ex situ studies of supercapacitors comprising
activated carbon electrodes and a NEt4BF4/ACN electrolyte
revealed similar increases in the chemical shift of adsorbed
features upon charging.50 In that study two activated carbons
different from the one studied here were investigated,
suggesting that the chemical shift variations we have observed
are general phenomena.
3.4. Real-Time in Situ 19F NMR Spectroscopy. To study
the behavior of a working supercapacitor in more detail, in situ
NMR spectra were recorded in real time for an overlaid
supercapacitor undergoing simultaneous cyclic voltammetry.
19F NMR spectra were collected while the cell was cycled
between 0 and 2.3 V at a rate of 0.5 mV·s−1, with spectra
acquired for four full electrochemical cycles. Since the cell
voltage is being changed continuously, small changes of ∼0.05
V occur during the acquisition of one NMR spectrum. Since
this change is small (2%) compared to the full cycling window
of 2.3 V, we may approximate the voltage to be constant during
the acquisition of one NMR spectrum. Figure 5a shows selected
19F NMR spectra of the positive electrode extracted at different
points from the cyclic voltammogram of the second cycle,
shown as an inset. Spectra corresponding to voltages of 0, 0.5,
1, 1.5, and 2 V are shown. The spectrum acquired at 0 V shows
a form very similar to the spectrum of the positive electrode for
a fixed (static) voltage of 0 V shown in Figure 3a, with the
strongly adsorbed resonance observed at −156.3 ppm. For
spectra obtained at later stages in the charging cycle, the
strongly adsorbed feature is observed to shift to higher
frequencies, in good agreement with the fixed voltage behavior
shown in Figure 3a.
The NMR spectra shown in Figure 5a represent a small
selection of the total acquired NMR data. Indeed, 94 19F NMR
spectra were obtained for each full 0 → 2.3 → 0 V cycle, with
four full cycles studied. In Figure 5b, NMR spectra for all four
electrochemical cycles are shown in a three-dimensional plot.
The same spectra are displayed in the first video file in
Supporting Information. This plot reveals a highly periodic
Figure 4. Summary of deconvolution results of spectra shown in Figure 3. Panels a and b show intensities of the strongly adsorbed feature in the
positive and negative electrodes, each normalized by the intensity of this feature in the 0 V spectrum. Panels c and d give the deconvoluted chemical
shift values for the strongly adsorbed feature in the positive and negative electrodes, respectively. It was not possible to obtain unique fits for spectra
corresponding to voltages above 1.5 and 1.25 V for the positive and negative electrodes, respectively.
variation of the adsorbed resonance, the frequency of which
varies in almost perfect correlation with the applied voltage.
During the charging part of the cycle, the adsorbed resonance
shifts to higher frequency, moving underneath the free
electrolyte feature. During the discharging part of the cycle,
the adsorbed resonance moves back to lower frequency until it
reaches −156.3 ppm at 0 V. Over each 0 V → 2.3 V → 0 V
cycle, a total change in frequency of ∼3.5 ppm is observed.
The real-time in situ experiment was repeated with the
supercapacitor cell shifted so that the negative electrode
occupied the NMR detection region. NMR spectra of the
negative electrode extracted from the charge of the second
electrochemical cycle are shown in Figure 5c. Again, for the
spectrum acquired at 0 V the strongly adsorbed environment is
clearly visible at approximately −155.1 ppm. As the cell voltage
is successively increased to 2.3 V, the strongly adsorbed peak
shifts to higher frequency. In Figure 5d, the full set of real-time
in situ NMR spectra for the negative electrode is presented as a
three-dimensional plot (spectra can also be seen in the second
video file in Supporting Information), where again the periodic
shifting of the strongly adsorbed environment is clearly
observed.
The highly periodic behavior observed for the shift of the
adsorbed resonance in both electrodes indicates that changes in
the chemical shift originate from a reversible process, directly
related to the charging and discharging of the supercapacitor
electrode. Further insight into this phenomenon can be
obtained by comparing real-time in situ NMR spectra acquired
at different electrochemical cycling rates. Real-time in situ 19F
NMR spectra recorded during electrochemical cycling at rates
of 0.5 and 5 mV·s−1 are compared as contour plots in Figure 6,
together with the corresponding cyclic voltammograms. At the
relatively slow cycling rate of 0.5 mV·s−1 (Figure 6a) the
variation of the strongly adsorbed chemical shift (seen to the
right-hand side of the spectra) is well synchronized with the
applied voltage. Moreover, a capacitive electrochemical
signature with a near rectangular cyclic voltammogram is
observed. However, when the cycling rate is increased to 5 mV·
s−1 (Figure 6b), a considerable lag between the periodic
variation of the strongly adsorbed chemical shift and the
applied voltage is observed. Indeed, close inspection of the
spectra (see inset) shows that between voltages of 0.64 V on
charge and 1.66 V of the following discharge, the shift of the
strongly adsorbed resonance is found to increase. On the other
Figure 5. (a) Selected 19F NMR spectra of the positive electrode of an overlaid capacitor cycled by cyclic voltammetry. Spectra are extracted from
the charge during the second cycle. (b) Successive NMR spectra from four full cyclic voltammetric cycles are shown back to back. (c, d) Analogous
results for the negative electrode of the supercapacitor cell are shown.
hand, between voltages of 1.66 V on discharge and 0.64 V on
the next charge cycle, the shift of the strongly adsorbed
resonance decreases. This differs from the behavior observed at
the lower cycling rate of 0.5 mV·s−1, where the shift of the
strongly adsorbed resonance shows only very small lags behind
the applied voltage. Inspection of the electrochemistry helps
explain this behavior. At the faster cycling rate of 5 mV·s−1, the
cyclic voltammogram is far from ideal, with a nonrectangular
shape observed. Importantly, positive currents flow between
0.67 V on the charge and 1.64 V on the next discharge, and
during this time the magnitude of the charge stored on each
electrode increases. However, between voltages of 1.64 V on
discharge and 0.67 V on the next charge, a negative current
flows and the magnitude of the charge stored at each electrode
decreases. The voltages at which the direction of the current
reverses agree well with the voltages at which the direction of
the shift variation of the adsorbed resonance changes in the
real-time in situ NMR spectrum. This confirms that the changes
in resonance frequency of the adsorbed resonances are directly
correlated with the magnitude of the charge stored on the
electrode and not the potential difference applied to the cell.
We note that on this basis, the cyclic voltammogram recorded
at the slower cycling rate of 0.5 mV·s−1 indicates that we should
also observe a small lag in the real-time in situ NMR spectrum,
since the CV curve is not perfectly rectangular. Indeed, close
inspection of the NMR data reveals that a small lag is indeed
observed; however, this is found to be on the order of the time
taken to record one slice of the two-dimensional data set and so
is not readily noticeable in Figure 6a.
3.5. Interpretation of Chemical Shifts for Strongly
Adsorbed Species. In the 19F in situ NMR spectra of the BF4
anions, the resonance corresponding to strongly adsorbed ions
is observed to shift to higher frequencies upon charging. This
observation is consistent with NMR studies of other nuclei such
as 13C and 11B probing both cations and anions in similar
systems.32,50 This suggests that the changes in chemical shift are
nucleus-independent and are related to changes in the ring
current effects experienced by the nuclei during charging and
discharging. Assuming that the observed chemical shift changes
are dominated by ring current effects, there are several possible
factors that may contribute to the changes in the resonance
frequencies observed for adsorbed ions. First, addition or
removal of electrons from the carbon electronic structure may
modify the ring current effects. Second, during supercapacitor
charging cations are expected to become more strongly
associated with the negative electrode surface, while anions
are expected to become less strongly associated with the
negative electrode surface (and vice versa at the positive
electrode). The resulting increases or decreases in carbon−ion
distances may change the observed chemical shift. Finally, we
note that there may be small changes in the carbon micropore
sizes during charging and discharging. In situ electrochemical
dilatometry revealed small macroscopic height changes of
porous carbon electrode films during charging and discharg-
ing.66,67 If these height changes arise from dilation of the
carbon micropores as proposed, the effective distance between
nuclei in adsorbed molecules and carbon surfaces may again be
modified.
Figure 6. Contour plots of successive in situ 19F NMR spectra of the negative electrode of an overlaid supercapacitor cell with simultaneous cyclic
voltammetric cycling. Representative cyclic voltammograms are shown beside the spectra. Spectra and cyclic voltammograms are shown for cycling
rates of (a) 0.5 mV·s−1 and (b) 5 mV·s−1. In part b, enlarged spectra are shown for the fifth cycle as in inset. For each two-dimensional spectrum, 18
slices were recorded per charging cycle, with recycle intervals of (a) 30 s and (b) 3 s.
To investigate these effects, DFT calculations were carried
out to determine nucleus-independent chemical shifts (NICS)
associated with a simple model system. NICS calculations are
readily performed using standard quantum mechanics programs
whereby isotropic chemical shifts are calculated for “ghost”
atoms placed at arbitrary positions above and around carbon
surfaces. These calculations provide quantification of the effect
of ring currents on the resonance frequencies of nuclei situated
close to systems containing delocalized electrons. Diatropic
(diamagnetic) ring current effects68 cause shielding fields above
the plane of aromatic rings, while paratropic (paramagnetic)
ring current effects69 cause deshielding fields above the plane of
antiaromatic rings.41 Activated carbons have complex amor-
phous structures consisting of curved graphene sheets,70 and it
is difficult to accurately model these complicated structures in
DFT calculations. Recent studies have employed coronene- and
fullerene-based structures as simple models for more extended
carbon structures.42,71−73 To explore the origin of the observed
NMR frequencies reported in the current work during charging
and discharging of supercapacitor electrodes, NICS calculations
were performed on the molecule coronene.
Figure 7 shows the calculated NICS as a function of distance
above the coronene ring plane for three different positions in
the xy plane. The structure of coronene and the positions in the
xy plane (A, B, and C) for which values were calculated are
shown as an inset. A lower limit of 2.5 Å above the coronene
ring plane was chosen for calculations, since the approach of an
adsorbed molecule and the carbon will be limited by the van
der Waals radii of atoms in each. Indeed, the van der Waals
radius of sp2 hybridized carbon is ∼1.7 Å and the van der Waals
radii of hydrogen and fluorine are expected to be greater than 1
Å.74
For all three positions (A, B, and C) considered, NICS values
were calculated to be negative above the ring plane, consistent
with diamagnetic ring currents. Moreover, for the three
positions considered, NICS values show good agreement with
each other, showing that there is an approximately uniform
shielding field above coronene. Thus, resonances from
adsorbed molecules should appear shielded relative to the
corresponding free species. In Figure 2a above we noted that
the resonance corresponding to strongly adsorbed BF4 anions
appears at a chemical shift of 5.6 ppm less than the weakly
adsorbed anions. This is in reasonable agreement with the
NICS value of approximately −5 ppm calculated at 2.5 Å above
coronene.
Figure 7 allows us to consider the effect of a nucleus moving
closer to, or further away from, a carbon surface. As a nucleus
becomes more distant from the coronene surface, the calculated
NICS becomes less negative (higher NMR frequency). This in
principle could explain the increases in resonance frequency we
have observed upon charging (∼3.5 ppm), corresponding to
ions moving roughly 6 Å further away from the coronene
molecule considered here. While such a distance change may be
reasonable for an ion adsorbed on a carbon surface of like
charge, the same behavior is not expected for ions adsorbed on
carbon surfaces of opposite charge. In this case, charging is
expected to reduce the ion−carbon separation due because of
electrostatic attraction which would decrease the observed
resonance frequency according to the NICS calculations. This
is contrary to what is observed in the NMR experiments, where
the resonance frequencies of the strongly adsorbed species are
always observed to increase during charging, regardless of the
electrode studied. It is therefore unlikely that the changes in
NMR frequency observed for adsorbed species during charge
and discharge arise solely from changes in carbon−ion
distances. This is further substantiated by noting that a
molecular dynamics study of a supercapacitor comprising
porous carbon electrodes showed only small changes of ion−
carbon distances (about 0.2 Å) upon charging to a cell voltage
of 1 V, although in this case an ionic liquid electrolyte was
studied.23 We also note that the small reversible electrode
height changes revealed by electrochemical dilatometry (1.1%
and 0.5% for the positive and negative electrodes respectively
using YP17 activated carbon and an NEt4BF4/ACN electro-
lyte)66 are unlikely to have a significant effect on the observed
resonance frequencies, as the distance changes would result in a
negligible change in the NICS.
To explore the effect of charging on the NICS, calculations
were performed on charged coronene molecules. Figure 8
shows NICS plots as a function of distance above the coronene
ring plane for three different positions in the xy plane (A, B,
and C). NICS calculations were performed for optimized
coronene molecules with charges of +1e (Figure 8a) and −1e
(Figure 8b), where e is the electronic charge.
For both the positively and negatively charged coronene
molecules, positive NICS values were calculated for all
positions considered above the carbon surface, consistent
with paratropic ring currents. The NICS tends toward zero for
large distances away from the carbon surface. The calculated
increase in resonance frequency for both positively and
negatively charged carbon qualitatively agrees with our in situ
NMR results, whereby the strongly adsorbed resonance shifts
to higher frequencies upon charging in both the positive and
negative electrodes. The differences in the magnitudes of the
calculated NICSs close to the carbon surface may explain why
slightly different changes in resonance frequency are observed
in the positive and negative electrodes experimentally,
particularly in the low voltage regime. However, the magnitudes
of the shifts predicted by the DFT calculations are significantly
larger than what we observe experimentally. We note that the
model system studied here is a considerable oversimplification
of what is expected to be an extended graphene-like pore
system in the activated carbon, and so quantitative agreement
Figure 7. Calculated NICS values above a neutral coronene molecule.
between the calculated and experimental results is unlikely.
Finally, we also note the analogy with the shifts observed in our
system with those seen in an early experimental work on
[18]annulene. Following two-electron reduction, the 1H
chemical shifts of the interior protons changed from −3.0
ppm to 28.1 and 29.5 ppm, explained as arising from the
introduction of paratropic ring currents. While changes in
carbon−ion distances are still predicted to affect the observed
resonance frequencies, the calculations presented here suggest
that the introduction of paratropic ring currents by the charge
imposed on the carbon will play an important role.
4. CONCLUSIONS
This work has presented a detailed account of the use of NMR
for in situ studies of supercapacitors, not only developing the
methodology but also revealing fundamental insight into the
charge storage mechanism. Specifically, we make two main
conclusions for YP50F, an important microporous carbon that
is widely used as a supercapacitor electrode material:
(1) Changes in the intensity of the adsorbed resonances in
19F NMR spectra of a YP50F−NEt4BF4/dACN supercapacitor
system recorded at fixed voltages correspond to changes in the
populations of adsorbed BF4
− species. Analysis of these changes
suggests that charging can be divided into at least two distinct
regimes. At low cell voltages (less than 0.75 V), the
approximately constant anion population in the positive
electrode and decreasing anion population in the negative
electrode indicate that charging is not dominated by the
adsorption of counterions and is instead achieved through
short-scale rearrangements and the ejection of co-ions from the
micropores. At high cell voltages (greater than 0.75 V), an
abrupt increase in the adsorbed anion intensity in the positive
electrode, combined with the continued loss of anions from the
negative electrode, suggests that both counterion adsorption
and co-ion ejection are important in this regime.
(2) Changes in the resonance frequency of the adsorbed
species observed during charging arise because of changes in
the carbon electronic structure. This effect is external to the
electrolyte itself and is therefore independent of the nature of
the adsorbed electrolyte species inside the carbon micropores.
Indeed, DFT calculations on a simple model system confirm
that the addition or removal of electrons to a delocalized
system should lead to marked changes in the nucleus-
independent chemical shift of nearby species. Importantly,
regardless of whether electrons are added or removed from the
carbon surface, the DFT calculations predict that a deshielding
effect should be observed, in qualitative agreement with our
experimental results.
The observation and characterization of these effects open
the way for the future study of the supercapacitance
phenomenon using NMR. In particular, we envisage that the
approaches we have developed will provide insight into the
effect of pore size and pore size distribution on the charge
storage process. We also note that in principle these methods
are applicable to other electrolytes such as ionic liquids, and
work is ongoing in our laboratory to investigate these systems.
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